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Abstract 
This study thoroughly investigated the flexural behaviour of phenolic cored sandwich beams 
with glass fibre composite skins in the horizontal and vertical positions. The beams have a 
shear span-to-depth ratio (a/d) varying between 0.5 and 12, and tested under 4-point static 
bending. Their failure load are then predicted theoretically. The results showed that changing 
the beam orientation from horizontal to vertical changes the failure mode from brittle to 
progressive. The sandwich beam’s high bending stiffness can be efficiently utilised by 
placing them vertically. The a/d ratio played a major role on the load capacity and failure 
mode. In both orientations, the load capacity decreased with the increased of a/d. The beam 
failed in shear, a combined shear and bending, and bending for a/d ≤ 2, 2 < a/d < 6, and a/d ≥ 
6, respectively. These failure mechanisms can be correlated to the shear-to-bending stress 
ratio while the failure load can be reasonably predicted using the available theoretical models. 
The two-way analysis of variance showed that the beam orientation is a more influential 
parameter than the a/d ratio. From this study, the horizontal beams are preferable for flexural 
dominated structures while the vertical beams are desirable for shear dominated structures. 
Keywords 
Sandwich beam; Static behaviour; Beam orientation; Shear span-to-depth ratio; Theoretical 
model.  
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1. Introduction 
The applications of fibre composite sandwich systems are rapidly increasing in civil 
infrastructure and construction due to their excellent durability, design flexibility, cost 
effectiveness, and high strength-to-weight and stiffness-to-weight ratios [1]. In these 
applications, composite sandwich panels are oriented either in the horizontal or vertical 
directions to effectively resist the design loading. In particular, sandwich panels in horizontal 
orientation are widely used for structural roofs [2], floors [3], walls [4] and bridge decks [2]. 
In this orientation, the strong and stiff fibre composite skins are located at the top and bottom 
surfaces of the panels. On the other hand, the panels are used in the vertical orientation for 
bridge girders [3], railway sleepers [5, 6], or similar beam applications wherein the fibre 
composite skins are located at both sides of the core material. 
Several studies have been conducted to investigate the behaviour of sandwich panels 
at horizontal orientation [7-13] while very limited studies have been reported on the 
behaviour at vertical position. Manalo et al. [14] are probably the only researchers who 
evaluated the behaviour of 20 mm × 50 mm sandwich beams in both horizontal and vertical 
orientations. The results of their experimental investigation showed that the sandwich beams 
in the vertical position failed at a higher load with less deflection compared to beams in the 
horizontal position. Similarly, the beams in the vertical orientation failed progressively while 
the beams in the horizontal orientation exhibited a brittle failure. Their study however was 
limited to sandwich beams with a particular shear span resulting to beams with different 
shear-span ratios making the direct comparison of their behavior inadequate. Many 
researchers [15-17] indicated that shear span-to-depth ratio has a strong influence on the 
failure behaviour and structural performance of the sandwich beams. Manalo [18] 
investigated the behaviour of phenolic-core sandwich beams in horizontal orientation with 
different shear span-to-depth ratios. His study found that with increase of shear span-to-depth 
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ratio, the failure load of the sandwich beam decreases due to the increase of deflection. 
Recently, Mathieson and Fam [19] studied the bending and failure mechanism of sandwich 
beams with low-density polyurethane core and glass fiber-reinforced polymer skins in 
vertical orientation with varying shear span-to-depth ratios in the application of walls and 
supporting beams. They observed the increase of shear span-to-depth ratio can significantly 
reduce the moment capacity of the sandwich panel due to the occurrence of the skin 
wrinkling in compression.  
Clearly, there are significant variations in the behaviour of sandwich beams due to the 
change of orientation and shear span-to-depth ratio. However, the reported studies are limited 
to the investigation of sandwich beams’ behaviour either in the horizontal or vertical 
orientation making a comparison study necessary and significant. This study investigated the 
effect of beam orientation on the static behaviour of fibre composite sandwich structure made 
up of phenolic core and glass fibre composite skins. A total of 30 different specimens with 20 
mm × 20 mm, 20 mm × 40 mm and 20 mm × 80 mm sectional dimensions were tested under 
static bending in horizontal and vertical orientations at different shear span-to-depth (a/d) 
ratios. The failure behaviour, strength and stiffness properties of the sandwich beams were 
evaluated. Prediction equations for the failure load of the sandwich beams in different 
orientations and a/d ratios were also presented and compared with the experimental results. 
The outcomes of this study provided an indication on how to effectively utilize the composite 
sandwich beams in carrying loads required in different civil engineering applications. 
2. Materials and Methods 
2.1. Materials 
The structural composite sandwich beams tested in this study consisted of glass fibre 
reinforced polymer (GFRP) composite layers (skins) bonded to a phenolic core. The fibres of 
each skin were laid up in 00 (4 layers), 900 (2 layers) and ±450 (2 layers in each) along the 
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longitudinal direction of the sandwich beam to provide strength and stiffness in all directions. 
Each skin was 1.8 mm thick with a fibre volume ratio of 45%. The phenolic core material 
came from natural plant (non-food) products derived from vegetable oils and plant extracts 
and was chemically bonded with the polymer resin. The density of sandwich panel is 
approximately 990 kg/m3 which is comparable to the hardwood red gum timber [20]. The 
properties of the GFRP skins and phenolic core were determined by the second author and 
are provided in Table 1. 
Table 1: Properties of GFRP skin and phenolic core materials 
Test Properties GFRP skin Phenolic core 
Longitudinal Transverse 
Flexure Elastic modulus (GPa) 14.28 3.66 1.33 
Peak stress (MPa) 450.39 135.05 14.32 
Strain at peak (%) 2.29 5.26 1.22 
Tensile Elastic modulus (GPa) 15.38 12.63 1.03 
Peak stress (MPa) 291.20 216.27 5.97 
Strain at peak (%) 1.61 2.37 0.61 
Poisson’s ratio 0.25 0.13 - 
Compressive Elastic modulus (GPa) 16.10 9.95 1.33 
Peak stress (MPa) 238.04 124.23 21.35 
Strain at peak (%) 1.24 1.25 4.04 
Poisson’s ratio - - 0.29 
Shear Shear modulus (GPa) 2.47 2.17 0.53 
Peak stress (MPa) 23.19 21.81 4.25 
Strain at peak (%) 3.08 2.38 0.81 
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2.2. Specimen details and test setup 
The bending test for sandwich beams was conducted in accordance with ASTM C393 [21]. In 
the horizontal position, the skins were located at top and bottom while the skins were at both 
side of phenolic core in vertical position. The specimens were prepared by cutting the panels 
into the required dimensions using a water jet cutter. The load was applied through a spreader 
beam with a loading rate of 3 mm/min using the MTS 100 kN testing machine. Three 
replicates were tested for each specimen type until the ultimate failure. Figures 1(a) and 1(b) 
illustrated the horizontal and vertical positions of the beam section, respectively with the 
necessary dimensions while Figure 1(c) shows the typical test setup. 
 
(a) horizontal orientation (b) vertical orientation (c) test setup 
Fig. 1: Sectional dimension, orientation and test setup 
In Figure 1, the	 , , , and  refer to the thickness of skin, thickness of core, beam 
width and beam depth, respectively. The other parameters , 	, and 
 represent the applied 
load, shear span and span of the tested beam, respectively. In this study,	 and core	 were 
same for all 30 specimens. Therefore, the change of beam dimension indicates either the 
change of width () or depth (). Depending on the test set-up, beam dimension and 
orientation, the a/d ratios were varying between 0.5 and 12. The variation of a/d ratio was 
ensured by changing the beam orientation and shear span while maintaining the span of the 
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beams. The details of the 30 different types of sandwich beam specimens are summarised in 
Table 2. 
 
Table 2: Details of the specimen 
Specimen ID L 
(mm) 
a 
(mm) 
d 
(mm) 
b 
(mm) 
a/d Beam 
orientation 
Failure loads (N) Failure 
mode Expt. Theo. %Diff. 
A40D20W20H 480 40 20 20 2 Horizontal 3375 2954 -12 CS 
A40D20W20V 480 40 20 20 2 Vertical 2237 2905 30 SS 
A40D20W40H 480 40 20 40 2 Horizontal 6582 5907 -10 CS 
A40D40W20V 480 40 40 20 1 Vertical 5924 5811 -2 SS 
A40D20W80H 480 40 20 80 2 Horizontal 12262 11814 -4 CS 
A40D80W20V 480 40 80 20 0.5 Vertical 12903 7147 -45 I 
A80D20W20H 480 80 20 20 4 Horizontal 2367 1672 -29 CS+D 
A80D20W20V 480 80 20 20 4 Vertical 1309 1135 -13 SS+SC 
A80D20W40H 480 80 20 40 4 Horizontal 4525 3344 -26 CS+D 
A80D40W20V 480 80 40 20 2 Vertical 4417 5811 32 SS 
A80D20W80H 480 80 20 80 4 Horizontal 9014 6687 -26 CS+D 
A80D80W20V 480 80 80 20 1 Vertical 9572 7147 -25 I 
A120D20W20H 480 120 20 20 6 Horizontal 2075 2568 24 SC+D 
A120D20W20V 480 120 20 20 6 Vertical 1087 1242 14 SC+B 
A120D20W40H 480 120 20 40 6 Horizontal 4072 5136 26 SC+D 
A120D40W20V 480 120 40 20 3 Vertical 3354 2679 -20 SS+SC 
A120D20W80H 480 120 20 80 6 Horizontal 8309 10272 24 SC+D 
A120D80W20V 480 120 80 20 1.5 Vertical 8494 7147 -16 I 
A160D20W20H 480 160 20 20 8 Horizontal 1571 1926 23 SC+D 
A160D20W20V 480 160 20 20 8 Vertical 815 932 14 SC+B 
A160D20W40H 480 160 20 40 8 Horizontal 3241 3852 19 SC+D 
A160D40W20V 480 160 40 20 4 Vertical 2524 2271 -10 SS+SC 
A160D20W80H 480 160 20 80 8 Horizontal 6533 7704 18 SC+D 
A160D80W20V 480 160 80 20 2 Vertical 7228 7147 -1 I 
A240D20W20H 480 240 20 20 12 Horizontal 1072 1284 20 SC+D 
A240D20W20V 480 240 20 20 12 Vertical 545 621 14 SC+B 
A240D20W40H 480 240 20 40 12 Horizontal 2222 2568 16 SC+D 
A240D40W20V 480 240 40 20 6 Vertical 1950 2485 27 SC+B 
A240D20W80H 480 240 20 80 12 Horizontal 4594 5136 12 SC+D 
A240D80W20V 480 240 80 20 3 Vertical 5393 5358 -1 SS+SC 
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CS: Core shear 
CS+D: Core shear and debonding 
SC+D: Skin compression and debonding 
SS: Skin shear 
I: Indentation 
SS+SC: Skin shear and skin compression 
SC+B: Skin compression and buckling 
 
3. Results and Discussion 
3.1. Failure mode 
The typical failure modes of the sandwich beams made of GFRP skins and phenolic core are 
provided in Figure 2(a) to 2(h). These failure modes can be classified into four broad 
categories, i.e. (a) shear failure, (b) combined shear and bending failure, (c) bending failure, 
and (d) indentation failure. The following presents a brief description of the different failure 
modes: 
• Shear failure: Shear failure of the sandwich beam is illustrated by the diagonal cracks 
observed either in the phenolic core or GFRP skins between the loading point and the 
support. This type of failure occurred when the shear stress exceeded the shear 
strength either of the core or the skins. The specimens (e.g., A40D20W20H, 
A40D20W40H and A40D20W80H) at horizontal orientation (Fig. 2(a)) failed instantly 
due to core shear (CS) at the point of load application. On the other hand, the failure 
of the specimens at vertical orientation (Fig. 2(b)) was governed by skin shear (SS). 
With the increase of load, a number of diagonal cracks appeared progressively at the 
skins in the shear span which resulted in gradual decrease of stiffness (e.g., 
A40D20W20V, A40D40W20V and A80D40W20V).  
• Combined shear and bending failure: This kind of failure occurred when the 
sandwich beam specimens were subjected to significant amount of combined shear 
and bending stress. In horizontal orientation (Fig. 2(c)), the specimens failed in core 
shear followed by the propagation of cracks towards the edge of the specimen and 
debonding (CS + D) between skin and core (e.g., A80D20W20H, A80D20W40H and 
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A80D20W80H). In vertical orientation (Fig. 2(d)), the failure was initiated by core 
cracking and then a number of small shear cracks progressively appeared before the 
crushing of the skin at top due to compression (SS + SC) followed by the skin 
splintering at bottom due to tension. The beam lost its load carrying capacity once it 
was failed by skin compression (e.g., A80D20W20V, A120D40W20V, A160D40W20V and 
A240D80W20V). 
• Bending failure: In horizontal orientation (Fig. 2(e)), bending failure was observed 
between the loading points and initiated by the compressive failure of the top skin 
followed by debonding (SC + D) between the skin and the core. The core 
compression simultaneously occurred with debonding which started from the loading 
point (e.g., A120D20W20H, A120D20W40H, A120D20W80H, A160D20W20H, A160D20W40H, 
A160D20W80H, A240D20W20H, A240D20W40H and A240D20W80H). In vertical orientation 
(Fig. 2(f)), the bending failure was initiated by core cracking at the bottom surface 
under the loading point. The load continued to increase until failure of skins due to the 
combined effect of skin compression and buckling (SC + B) followed by the skin 
tension (e.g., A120D20W20V, A160D20W20V, A240D20W20V and A240D40W20V).  
• Indentation failure: Indentation occurred due to the high local stress of the sandwich 
beams in vertical orientation which under four-point bending behaves a specimen 
under compression and local load transfers from the indenter to the beam, particularly 
at short shear spans (e.g., A40D80W20V, A80D80W20V, A120D80W20V and 
A160D80W20V). The load was transferred to supports through compressive stresses that 
created the local compression at load points and the initiation of the indentation (I) 
process started (Fig. 2g). However, the same beam (20 mm × 80 mm) with a shear 
span of 240 mm (e.g., A240D80W20V) failed due to bending (Fig. 2h). 
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(a) core shear (CS) (b) skin shear (SS) 
  
(c) core shear and debonding (CS + D) (d) skin shear and skin compression (SS + SC)  
  
(e) skin compression and debonding (SC + D)  (f) skin compression and buckling (SC + B)  
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(g) indentation (I), shear span up to 160 mm   (h) different failure at shear span of 240 mm 
Fig. 2: Failure modes of the composite sandwich beam 
3.2. Load-displacement behaviour 
The applied load and corresponding displacement at the loading point () were recorded 
using a data logger. From the measured	, the mid-span displacement () was calculated 
following the relation given in Eq. (1). The load and mid-span displacement behaviour of the 
sandwich beams in the horizontal orientation are presented in Figures 3(a), 3(c) and 3(e) 
while the beams in the vertical orientation are shown in Figures 3(b), 3(d) and 3(f). 
 =            (1) 
At 40 mm shear span, a significant drop in load was observed in the horizontal beams 
before the final failure as shown in Figures 3(a), 3(c) and 3(e). The first drop of the load was 
observed due to the core shear at one end between the loading point and the support. 
However, the load increase again with almost same stiffness prior to the first core shear 
failure. At almost the same load before the first load drop, the second and ultimate drop of the 
load was observed due to the core shear failure at the other end of the beam. On the other 
hand, the specimens in vertical orientation with 40 mm shear span showed different 
behaviour as shown in Figures 3(b), 3(d) and 3(f). A linear elastic behaviour was observed at 
the early application of the load. Thereafter, a slight drop of load was observed but the beam 
specimens continued to carry the load due to the effect of core shear compression. A 
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nonlinear load deflection behaviour was further observed prior to failure due to the 
progressive developments of either shear cracks in the skin or indentation (Figures 2b and 
2g). 
At 80 mm and 120 mm shear spans with horizontal orientation (Figs. 3a, 3c and 3e), 
the initiation of debonding between top skin and core occurred at the loading points in several 
stages that causes staggering pattern in the load-displacement curve. However, this behaviour 
was gradually transformed into the single stage failure mode when shear span was 160 mm 
and 240 mm (Figs. 3a, 3c and 3e). On the other side, at 80 mm, 120 mm, 160 mm and 240 
mm shear spans with vertical orientation (Figs. 3b, 3d and 3f), the load-displacement 
behaviour was linear up to a certain point and then it showed a non-linear behaviour. This 
nonlinearity was initiated by the tensile cracking of the phenolic core followed by 
compressive failure of the skin. However, the failure of the core in tension does not indicate 
the ultimate failure of the beam as the vertical skins continue to carry the loads. One obvious 
difference between horizontal and vertical orientation is that the load dropped suddenly at 
horizontal orientation whereas the load gradually decreased for vertical beams. 
For 20 mm × 20 mm beam section (Fig. 3a and 3b), the higher displacement was 
noticed in vertical than horizontal orientation at a certain magnitude of loads. However, the 
horizontal orientation provided the greater displacement for 20 mm × 40 mm (Fig. 3c and 3d) 
and 20 mm × 80 mm (Fig. 3e and 3f) beam. Moreover, for the same orientation and 
dimension, it is observed that the increase of shear span decreases the load carrying capacity 
of the specimens. In addition, at the same level of loads, the specimens with greater shear 
span deflected more than the specimens with smaller shear span.   
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(a) 20 × 20 mm at horizontal orientation (b) 20 × 20 mm at vertical orientation 
  
(c) 20 × 40 mm at horizontal orientation (d) 20 × 40 mm at vertical orientation 
  
(e) 20 × 80 mm at horizontal orientation (f) 20 × 80 mm at vertical orientation 
Fig. 3: Load-displacement behaviour of sandwich beams 
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3.3. Bending and shear stiffness 
The bending and shear stiffness of the beams were determined using the simultaneous 
method [22]. Bank [23] indicated that the total deflection of composite structures is the sum 
of the deflection due to bending and shear deformations. This applies to the composite 
sandwich beams due to the relatively low shear stiffness of the core compared to the GFRP 
skins. As a result, each of the sandwich beams tested in this study exhibited a load-
displacement behaviour with two unknowns, EI and kGA as presented in Eq. (2) with 
3
 − 4	 48⁄  being the independent variable while  	⁄  being the dependent variable. 
Figures 4(a) and 4(b) depict the graphical presentation of Eq. (2) for horizontal and vertical 
orientations with different beam dimensions and shear spans. The bending stiffness   and 
shear stiffness !"#	is determined from the slope and intercept of the fitted line, 
respectively.  
$ = %&' (  + %*+,         (2) 
  
(a) horizontal orientation (b) vertical orientation 
Fig. 4: Graphical presentation for determining bending and shear stiffness 
Figure 4 shows the variation of  	⁄ 	with respect to 3
 − 4	 48⁄ 	for shear 
spans of	
/2,	
/3 and	
/4. The effective bending modulus /00 and effective shear 
modulus "/00 are evaluated by dividing with the equivalent moment of inertia and area of a 
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rectangular section assuming that the sandwich beams are made up of a homogeneous 
material. The shear correction factor	! = 1 is considered and " and # are the shear modulus 
and cross sectional area, respectively. The effective elastic properties of the sandwich beams 
are tabulated in Table 3. 
Table 3: Stiffness properties of sandwich beams 
Orientation Beam 
section 
  
(MPa-mm4) 
!"# 
(MPa-mm2) 
/00 
(GPa) 
"/00 
(GPa) 
Horizontal 20 × 20 88 × 106 383 × 103 6.61 0.96 
20 × 40 184 × 106 674 × 103 6.90 0.84 
20 × 80 381 × 106 1096 × 103 7.14 0.69 
Horizontal average = 6.88 0.83 
Vertical 20 × 20 55 × 106 295 × 103 4.11 0.74 
20 × 40 421 × 106 717 × 103 3.95 0.90 
20 × 80 3323 × 106 1432 × 103 3.89 0.89 
Vertical average = 3.98 0.84 
 
In the horizontal orientation, Table 3 shows that the magnitude of   and !"# are increasing 
almost proportionally with the increase of beam dimension. On the other hand, in vertical 
orientation, the increase of beam dimension exponentially increase the   but proportionally 
increase the	!"#. The average magnitude of /00  is higher in horizontal orientation (6.88 
GPa) than the vertical position (3.98 GPa). This is due to the separation of skins with respect 
to major axis of bending which contributed in improving the bending modulus of the beam at 
horizontal orientation but the separation does not contribute at vertical orientation. However, 
the magnitude of "/00 are similar regardless of beam orientation due to the equal area of the 
beam resisting the shear deformation. 
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3.4. Effect of beam orientation  
The change of beam orientation from horizontal to vertical changes the mode of failure of the 
sandwich beams. The sandwich specimens failed in brittle manner at horizontal orientation 
while the failure is progressive at vertical orientation. The load-displacement behaviour in 
Figure 3 has shown a sudden drop of load in horizontal orientation indicating a brittle nature 
of failure. The brittle failure occurred due to the core shear when specimen fails in shear, and 
combined shear and bending whereas this happened at bending failure due to core 
compression. On the other side, the gradual decline of load with the increase of displacement 
demonstrated the progressive failure of the skins due to shear, compression and tension. This 
failure behaviour indicates that the structure constructed with vertical sandwich beams will 
provide sufficient warning before the ultimate failure which is an important characteristics in 
civil engineering design. However, the load carrying behaviour in horizontal and vertical 
orientation depends on the sectional dimension of the beam. At a particular shear span, Figure 
5 shows that the horizontal orientation carried higher loads than the vertical orientation for 20 
mm × 20 mm and 20 mm × 40 mm beams whereas the vertical orientation carried greater 
magnitude of loads than the horizontal position for 20 mm × 80 mm sectional beam. This is 
due to the effective utilisation of skin’s strength at horizontal orientation for 20 mm × 20 mm 
and 20 mm × 40 mm section where separation of skins with respect to the major axis of 
bending are more effective in carrying loads than the vertical orientation of skins. On the 
other hand, the effect of skin depth in vertical orientation become more effective than the skin 
separation in horizontal orientation for 20 mm × 80 mm section. The gradual increase of 
beam dimension exponentially increase the load carrying capacity at vertical orientation 
while the increase of load capacity is only linear at horizontal orientation with the increase of 
beam dimension. Glenn and Francis [24] indicated that the load-carrying capacity of a beam 
can greatly increase by its depth. Moreover, the increase of depth increased the shear 
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dominance on the vertical beams and the higher load carrying capacity of the vertical beams 
at larger section (20 mm × 80 mm) indicating the vertical orientation is preferable against 
shear. Figure 5 shows that, for any shear span, the horizontal and vertical curves intersects in 
the range between 50 mm and 60 mm. Results indicated that the transitional sectional 
dimension is between 50 mm and 60 mm with an average of 55 mm, below which the 
horizontal and above which the vertical orientation can carry higher load.  
 
Fig. 5: Load carrying capacity at horizontal and vertical orientation 
Table 3 shows that the bending stiffness of sandwich beam is greatly influenced by 
the orientation. For 20 mm × 20 mm beam, the bending stiffness of beams at the vertical 
orientation is only 63% of beams at the horizontal orientation.  This is expected for the square 
cross sectional beam where the separation of skins contributed more to the bending stiffness 
at horizontal orientation than the vertical position. The bending stiffness at vertical 
orientation increased 2.29 and 8.73 times than the horizontal orientation for 20 mm × 40 mm 
and 20 mm × 80 mm beams, respectively. This result suggests that the larger the sectional 
dimension, the sandwich beams are more effective when positioned vertically than 
horizontally to minimise the amount of total deflection. This efficiency is due to the increase 
of skin depth at vertical orientation which significantly contributed to the increase of bending 
stiffness. For any sectional dimension, the contribution of core is 8% and 23% for horizontal 
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and vertical orientations respectively, indicating both core and skin significantly contributed 
to the bending stiffness at vertical orientation. Therefore, the bending stiffness of the 
sandwich beam with fibre composite skins and high strength core primarily depends on the 
modulus of elasticity, sectional dimension and orientation of the constituent materials. 
Chakrabortty et al. [25] indicated the low stiffness of fibre composite structure is a great 
concern and can only be addressed through innovative design. Thus, the high bending 
stiffness of the sandwich structure can be efficiently utilised by placing the beams at vertical 
orientation, particularly when the depth-to-width ratio is 2 or more (e.g., 20 mm × 40 mm and 
20 mm × 80 mm beam). 
3.5. Effect of shear span-to-depth ratio  
The variation of failure mode of the specimens at horizontal and vertical orientation with 
different shear span-to-depth (a/d) ratios are plotted in Figures 6(a) and 6(b), respectively. 
These figures suggested that a/d ratio has strong influence on the failure mode of the 
sandwich beams. Generally, the beams failed in shear when a/d ≤ 2, specifically, the 
horizontal beams failed in core shear (Fig. 2a) and vertical beams failed by skin shear (Fig. 
2b). However, an exception was observed in 80 mm depth beam at vertical orientation which 
failed by indentation due to the high local compression (Fig. 2g). With the increase of a/d 
ratio, the shear dominance on the beam decreases and the bending effect increases. The 
sandwich beams failed due to the combined effect of shear and bending for 2 < a/d < 6. 
Within this a/d range, the horizontal specimens failed in core shear followed by debonding 
between the core and the top skin due to the effect of bending (Fig. 2c). In vertical 
orientation, the diagonal cracks in vertical skins arose from shear effect, and the compressive 
and tensile failure of the skins were developed due to the bending effect (Fig. 2d and 2h). 
From an experimental investigation of the sandwich beams at horizontal orientation, Manalo 
[18] observed a transitional zone for a/d ratios between 3 and 6, where the specimens 
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experienced both shear and bending. In the present study when a/d ≥ 6, the bending failure 
was observed for the specimens. The bending failure of horizontal beams was confirmed with 
the skin compression followed by core compression and debonding (Fig. 2e). The buckling of 
the skins due to compression, and tensile fracture of the skins are the indication of bending 
failure in vertical orientation for a/d > 6 (Fig. 2f). In contrast, Mathieson and Fam [19] 
observed the buckling failure of the skin at a/d ratios between 1.33 and 4.67 for soft core 
sandwich beam. This suggests the better stability of the vertical skins due to the high strength 
phenolic core compared to the soft core material which can provide only a low tensile bond 
strength between the core and the skin. 
  
(a) horizontal orientation (b) vertical orientation 
Fig. 6: Failure of the beam at different shear span-to-depth ratios 
The bending stress of the extreme fibres in both horizontal and vertical orientations 
can be calculated by Eq. (3). 
2 = 34 ⁄&'           (3) 
where, 2, 5, , , and   represent the bending stress of the skin, bending moment at 
failure load, depth of the beam, elastic modulus of the skin, and bending stiffness (Table 3) of 
the beam, respectively. When the average shear stress in the core is determined, the skin is 
transformed into an equivalent core using the shear modular ratio. On the other hand, the core 
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was transformed into an equivalent skin area if the average shear stress is determined for skin 
[14]. The average shear stress in core (6) at horizontal orientation and the average shear 
stress in skin (6) at vertical orientation are calculated using Eq. (4) and Eq. (5), respectively. 
Where, " and " represents the shear modulus of core and skin respectively. 
6 = $ ⁄[89:8;+; +9]=⁄          (4) 
6 = $ ⁄[8;:89+9 +;]4⁄          (5) 
The variation of bending and shear stress with respect to the a/d ratio for both 
horizontal and vertical orientations are shown in Figure 7. The bending stress increases with 
the increase of a/d ratio from 2 to 6 and gradually become constant when a/d > 6. This is due 
to the similar mode of failure for all specimens at horizontal (i.e., skin compression and 
debonding) or vertical orientations (i.e., skin compression and buckling) when a/d > 6 as 
shown in Figure 6(a) and 6(b). From Figure 7(a), it can be seen that the bending stress at 
horizontal orientation is higher than the vertical position when the beam fails in bending. The 
maximum compressive bending stress in the skin was 237 MPa at horizontal orientation 
which is close to the average compressive strength of skin determined from the test of 
coupons as reported in Table 1. However, the vertical beams failed only at 220 MPa 
compressive bending stress. This can be attributed to the failure mode of the vertical beams 
due to a combined skin compression and buckling. The buckling failure is exhibited in the 
form of debonding of the skins from the core as shown in Figure 2(f). Mathieson and Fam 
[19] observed that the buckling of skin in the sandwich beam arises before the skin reaches to 
its ultimate compressive strength due to the low tensile bond between the core and the skins. 
This explains why the beams in vertical orientation failed at lower bending stress for a/d ≥ 6 
and indicating the preference of horizontal orientation for the design of bending dominated 
structures. It is important to note that the load at which buckling failure of the vertical skins 
occurred was almost 92% of the maximum compressive stress of the fibre composites. In 
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contrast, the buckling of the skin for sandwich beams with a soft core investigated by 
Mathieson and Fam [19] is only at 50%. This result further suggest the suitability of a 
phenolic core in providing stability to the vertical skins. 
Figure 7(b) shows that the shear stress decreases with the increase of a/d ratio. Dai 
and Hahn [26] and Awad et al. [27] indicated that the sandwich beams with shorter shear 
span exhibited higher shear stress than the longer shear span. However, there is a clear 
distinction of shear stress level between horizontal and vertical orientations (Fig. 7b). At 
horizontal orientation, the core is mainly carrying the shear force whereas the shear force is 
carried by both the core and the skins at vertical orientation. As a result, for the same a/d 
ratio, the shear stress at failure is significantly higher at vertical orientation than the 
horizontal position. This indicates that the sandwich structure is more effective in carrying 
shear if they are to be applied in the vertical orientation. 
  
(a) variation of bending stress with a/d ratio (b) variation of shear stress with a/d ratio 
Fig. 7: Effect of a/d ratio on bending and shear stress at different orientations 
Manalo [18] indicated that the different failure modes observed for the sandwich 
beams with different a/d ratios can be explained by the shear-to-bending stress ratio. Thus, 
the variation of shear-to-bending stress (τ/σ) with a/d ratio at horizontal and vertical 
orientations are plotted in Figures 8(a) and 8(b), respectively. Based on the failure 
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mechanism, in horizontal orientation the τ/σ ratio was calculated as the ratio of the actual 
shear stress in the core and the bending stress of the skin while this ratio was determined as 
the actual shear and bending stress of the skin at vertical orientation. Figure 8 shows that the 
τ/σ ratio decreases due to the decrease of shear effect and increase of bending influence with 
the increase of a/d ratio. Yoshihara and Furushima [28] indicated that when the actual τ/σ 
ratio is larger than the allowable τ/σ ratio, the timber specimen would fail in shear. In 
horizontal orientation, the upper bound allowable stress ratio (0.014) is calculated as the ratio 
of shear strength of core to the tensile strength of skin while the lower bound (0.009) is the 
ratio of shear strength of core to the bending strength of skin. Similarly, in vertical 
orientation, the upper bound allowable stress ratio (0.079) is calculated as the ratio of shear 
strength of skin to the tensile strength of skin while the lower bound (0.051) is the ratio of 
shear strength of skin to the bending strength of skin. This is due to the core shear failure at 
horizontal orientation and skin shear failure at vertical orientation as mentioned earlier. 
During shear failure, the actual bending stress in the skin is lower than the skins’ maximum 
bending strength and thus the tensile strength of skin is considered for determining the upper 
bound stress ratio. The upper and lower bound allowable stress ratio is particularly important 
in determining the zone of shear and bending failure. When the actual τ/σ ratio is higher than 
the upper bound allowable τ/σ ratio, the sandwich beams are expected to fail in shear. On the 
other hand, the sandwich specimens are expected to fail in bending if the actual τ/σ ratio is 
lower than the lower bound allowable τ/σ ratio. Moreover, if the actual τ/σ ratio falls between 
the upper and lower bound allowable limit, the sandwich beams are expected to fail in 
combined shear and bending. Figure 8(a) shows that the stress ratio concept can accurately 
predict the mode of failure of the sandwich beams at horizontal orientation. However, at 
vertical orientation, the upper and lower bound allowable stress ratio is slightly higher than 
the expectation. This may be attributed to the progressive nature of failure of the beams at 
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vertical orientation which provided several load drops at different displacements. This result 
also indicate that the vertical beams are superior in shear performance and prediction of 
failure behaviour is more complex than the horizontal orientation. 
  
(a) specimens at horizontal orientation (b) specimens at vertical orientation 
Fig. 8: Effect of a/d ratio on shear-to-bending stress ratio 
3.6. Determination of the influence of the variables  
The influence of beam orientation and a/d ratio on the load carrying capacity and stiffness 
properties of the sandwich beam was evaluated by a two-way Analysis of Variance 
(ANOVA) using SPSS - a statistical analysis software [29]. As it is mentioned, the change of 
failure modes from shear to bending occur when a/d ratio changes from 2 to 6 in both 
horizontal and vertical orientations, therefore, the variation of a/d is considered in that range 
for this analysis. The results of two-way ANOVA are shown in Table 4. 
Table 4: Two-way ANOVA results 
Dependent variable Independent variable F-value p-value Partial eta squared (>?) 
Failure loads Orientation 3.941 0.075 0.283 
a/d ratio 1.333 0.307 0.210 
Bending stiffness Orientation 3.066 0.105 0.203 
a/d ratio 0.000 1.000 0.000 
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Table 4 indicates that the variation of failure loads and bending stiffness for different 
test setup are not statistically significant @ > B with 95% confidence interval	B = 0.05 
due to the change of orientation and a/d ratio. However, the influence of orientation and a/d 
ratio on the failure loads and bending stiffness are not same which is represented by	>?. The 
result of the analysis shows that 28.3% of the variability of failure loads is being accounted 
by orientation while a/d ratio is responsible for 21% variation. On the other hand, 20.3% of 
the variability of bending stiffness is being accounted by orientation while a/d ratio has no 
influence on the bending stiffness. This concludes that the orientation of the sandwich beam 
is a more influential parameter than the a/d ratio. The distance between the skins at horizontal 
orientation plays significant role on load carrying capacity while the separation of skins at 
vertical orientation does not have significant effect that makes the beam orientation an 
influential parameter. Moreover, the bending stiffness of the beam affected by its orientation 
but does not depends on the loading position. 
4. Theoretical Analysis 
4.1. Estimation of failure loads 
This section discussed the theoretical estimation of failure loads for different configuration of 
sandwich beams. The experimentally observed failure modes, i.e. bending failure, shear 
failure, combined shear and bending failure, and indentation failure were considered as the 
criterion to estimate the load capacity of the sandwich beams.  
 4.1.1. Bending failure  
The sandwich beam is expected to fail in bending when the bending stress of the skin (2) 
reaches to the allowable compressive bending stress of the skin (2FF). Simplifying Eq. (3), 
the ultimate failure load due to bending (=) of sandwich beams with horizontal and vertical 
orientations can be determined by Eq. (6). 
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= = &'G;HH4&;           (6) 
The theoretical bending stiffness   in horizontal and vertical orientations can be calculated 
by Eq. (7) and Eq. (8), respectively. 
In horizontal orientation,  
 = =89I%  + =8; 8; + J        (7) 
In vertical orientation,  
 = 894I%  + 8;4IK           (8) 
4.1.2. Shear failure  
The shear stress at different levels of the sandwich beam section can be determined by 
accounting the constituent materials of the cross section [30]. In horizontal orientation, the 
sandwich beam is expected to fail in shear when the shear stress of the phenolic core reaches 
its allowable shear strength (6FF). In vertical position, shear failure occurs when the shear 
stress in the skin exceeds the allowable shear strength of the skin (6FF) [14]. The shear 
failure load () in horizontal and vertical orientations of the beam can be determined by Eq. 
(9) and Eq. (10), respectively [14]. 
In horizontal orientation,  
 = %K&'L9HH&;8;4M:&989          (9) 
In vertical orientation,  
 = 4L;HH 2 +  &9&;         (10) 
The bending stiffness  	in Eq. (9) can be calculated by Eq. (7).  
4.1.3. Combined shear and bending failure  
When shear span-to-depth ratios are between 2 and 6, the failure of the sandwich beam 
occurs due to the combined action of shear and bending. Bank [23] indicated that, when a 
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beam is subjected to high shear forces and high bending moment, a combined shear and 
bending action will govern. Under this circumstances, the maximum stress criterion can be 
used in predicting failure loads. The failure is expected when the sum of the ratios of actual 
shear stress (68) to allowable shear stress (6FF) and actual bending stress (28) to allowable 
bending stress (2FF) approaches unity. The linear failure criterion can be expressed as: 
L9NLHH + G9NGHH = 1          (11) 
Simplifying Eq. (11) using Eqs. (6 to 10), the failure loads can be calculated as: 
In horizontal orientation,  
= = %OPQ;N;RMSQ9N9TUQVW9HH : RQ;PQVX;HHY        (12) 
In vertical orientation,  
= = %O IQ;PRN;Q;SN9Q9W;HH: RQ;PQVX;HHY        (13) 
In Eq. (12) and Eq. (13), = is the failure load due to combined action of shear and 
bending. 6FF and 6FF are the allowable shear stress in core and skin, respectively and 
2FF is the allowable compressive stress of skin. The bending stiffness in horizontal and 
vertical orientations can be determined by Eq. (7) and Eq. (8), respectively.  
4.1.4. Indentation failure  
The theoretical model for predicting indentation failure loads of foam-core sandwich beams 
at horizontal orientation have been studied by several researchers [31-35]. However, there is 
a lack of research for estimating indentation failure loads at vertical orientation. The present 
study proposed a theoretical model for estimating indentation failure loads at vertical 
orientation based on the principle of contact mechanics theory [36]. Two assumptions have 
been considered for indentation modelling; (a) the beam is supported on rigid plastic 
foundation [31], and (b) the indentation failure occurs when the stress in skins under the 
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indenter attains to the transverse compressive strength of the skin. The mechanism of 
transferring loads from the indenter to the sandwich beam through a line contact at the early 
stage of load application and the contact area increase with the increase of applied loads as 
shown in Figure 9.  
 
Fig. 9: Indentation failure modelling using contact mechanics theory  
According to contact theory, when indentation occurs, the half width of the contact zone can 
be expressed by Eq. (14). 
Z = [=\$]            (14) 
In Eq. (14), Z  and ^ represents the half width of the contact zone and the applied load at 
which indentation failure occurs, respectively. The other parameter [= can be expressed by 
Eq. (15). 
[= = _ `= aTbc]
Q] :TbcdQd ef TR]: TRdg           (15) 
In Eq. (15),  is the beam width (contact length), h^ , ^ and ^ are the poisson’s ratio, elastic 
modulus and diameter of the indenter, respectively. Similarly, h= , = and = are the poisson’s 
ratio, elastic modulus and diameter of the sandwich beam, respectively. The effective elastic 
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modulus of the 20 mm × 80 mm beam at vertical orientation is determined in Table 3. As the 
contact zone of the sandwich beam is a plane surface, the diameter of the beam is considered 
infinite. The indentation failure loads, ^  can be determined by Eq. (16). 
^ = iZ28          (16) 
In Eq. (16), 28 is the transverse compressive strength of the skin as provided in Table 1. 
4.1.5. Comparison between calculated and actual failure load 
The calculated failure loads from the appropriate theoretical model presented in Eq. (6), Eq. 
(9), Eq. (10), Eq. (12), Eq. (13) and Eq. (16) are provided in Table 2 and compared it with the 
actual failure loads of the beam. Shear based equation (Eq. 9 and Eq. 10) can reliably predict 
the failure load for a/d ratio up to 2. On the other hand, bending equation (Eq. 6) can estimate 
the failure loads when a/d ratio is equal to or greater than 6. However, when a/d ratio is 
between 2 and 6, the combined shear and bending equations (Eq. 12 and Eq. 13) are the most 
reliable. The indentation failure model in Eq. (16) can reliably estimate the failure loads for 
80 mm deep vertical sandwich beams with a/d ratio of 2. The loads calculated from Eq. (16) 
represents the initiation of the indentation, and with the gradual decrease of a/d ratio the 
effect of shear compression increase and the ultimate failure occurs at higher loads even the 
early initiation of indentation (Fig. 2g). However, a combined shear and bending failure was 
observed for a/d of 3 and Eq. 13 provided a reliable estimation.  
From the percentage differences (% Diff.) between experimental and theoretical 
failure loads in Table 2, it can be seen that the theoretical model mostly underestimates the 
ultimate load when the sandwich beam fails in shear. On the other hand, the bending failure 
equation overestimates the failure load due to the initiation of debonding between the skin 
and the core. It is important to note that in the considered theoretical analyses, the skin is 
assumed perfectly bonded to the core. This separation from the core resulted in the thin fibre 
composite to buckle in both beam orientation. In most cases, the traditional theoretical 
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models estimated the shear failure loads within 30%, combined shear and bending failure 
loads within 25%, and bending failure loads within 20% of the experimental failure loads. 
This indicates the classical failure models can estimate the bending failure loads more 
reliably than the shear failure loads. Moreover, the greater variation between predicted and 
actual failure loads was obtained at vertical orientation than the horizontal position. This is 
due to the more complex behaviour of vertical beams than the horizontal one as explained in 
Fig. 8. The proposed indentation failure model for vertical orientation satisfactorily measures 
the initiation of the indentation failure loads. However, this model cannot describe how the 
shear span affected the load carrying capacity which seems an important effect during 
indentation. The high actual indentation load compared to the predicted value for vertical 
beams with a/d < 2 is due to the effect of shear compression which have allowed the beam to 
continuously carry the load. This failure mechanism needs further investigation. In many 
circumstances, researchers have found the differences between experimental and theoretical 
failure loads of sandwich beams up to 20% [19], 21% [31], 30% [37],  34% [18], and even up 
to 100% [7]. Therefore, further investigation is necessary to establish better theoretical 
models that can capture the insight into the response of the sandwich beams. 
4.2. Theoretical evaluation of bending and shear stiffness 
Experimentally, the bending stiffness ( ) and shear stiffness (!"#) are evaluated from the 
load-displacement relationship and presented in Table 3. Theoretically, the bending stiffness 
of sandwich beams in horizontal and vertical orientations can be estimated using Eq. (7) and 
Eq. (8), respectively, by assuming the skins and core are perfectly bonded [38]. However, for 
a particular sandwich beam, theoretically the shear stiffness in horizontal and vertical 
orientations can be estimated by Eq. (17).  
!"# = !["# + "#]        (17) 
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Where, ", # , " and # are the shear modulus and cross sectional area of skins and core for 
the beam section, and the shear correction factor ! = 1 as mentioned earlier. A comparison 
between the experimental and theoretical stiffness are depicted in Figure 10. Results shows 
that the analytical equations can satisfactorily estimate the actual bending stiffness of the 
sandwich beams.  
  
(a) bending stiffness (b) shear stiffness 
Fig. 10: Comparison between experimental and theoretical stiffness 
5. Conclusions 
A series of experimental tests were carried out on 30 specimens to evaluate the properties and 
to understand the flexural and shear behaviour of phenolic core sandwich beams at different 
orientations. The load-displacement behaviour, failure mode, strength and stiffness of beams 
were systematically investigated. The findings of the present study can be summarised as 
follows: 
• The sandwich beam fails in brittle manner at horizontal orientation while the failure is 
progressive at vertical orientation. With the increase of sectional dimension but same 
shear span, the sandwich beam fails in similar mode at horizontal orientation but fails 
differently at vertical orientation.  
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• The transitional sectional dimension of the beam is approximately 20 mm × 55 mm, 
below which the horizontal orientation and above which the vertical orientation 
carried higher loads.  
• The bending stiffness of the sandwich beam is greatly influenced by its orientation 
and can be efficiently utilised by placing the beams vertically, particularly when the 
beam depth-to-width ratio is 2 or more.  
• Generally, the sandwich beam fails in shear, a combined shear and bending, and 
bending for shear span-to-depth ratios of 2 or less, between 2 and 6, and 6 or more, 
respectively. The possibility of indentation failure is higher at vertical orientation than 
the horizontal position.  
• Sandwich beams in the horizontal orientation is preferable for designing bending 
dominated structure while vertical orientation is a superior choice for shear dominated 
structure.  
• The beams are expected to fail in shear when the actual shear-to-bending stress ratio 
is higher than the allowable shear-to-tensile stress ratio while the beams are more 
likely to fail in bending when the actual shear-to-bending stress ratio is lower than the 
allowable shear-to-bending stress ratio. In between these ratios, a combined shear and 
bending failure is expected. 
• The two-way Analysis of Variance showed that the beam orientation has more 
influence on the load carrying capacity and stiffness properties than changing the 
shear span-to-depth ratio.  
• The existing theoretical models can estimate more reliably the failure loads in bending 
than in shear. The proposed indentation failure model reliably estimated the initiation 
of indentation in the vertical orientation. These moderate variation of failure loads 
predicted by existing models suggested a further investigation to establish better 
  
 
31 
 
theoretical models that can capture other critical behaviour such as the initiation of 
skin debonding and the shear compression failure of the very short vertical sandwich 
beams. 
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